The coating of fused silica by an organized layer of silica nanospheres (NS) is an important issue for the design of optical and topographic properties especially for lithography techniques such as nanosphere lithography (NSL) or nanosphere photolithography (NSPL). Here, the spin coating of NS dispersed in N,N-dimethylformamide (DMF) is studied. The role of the NS diameter, the spin-coating acceleration, and the volume fraction are the parameters to take into account for the formation and organization of NS in single or double closely packed layers. We propose an explanation for this behavior based on the transition between sedimentation and a viscous regime on the basis of the silica NS organization.
Introduction
The organization of nanostructures on a surface is an important issue that many fields are confronted with. The application field of such materials depends on the dimension range of the nanostructures. For this purpose, a large variety of techniques have been developed to nicely localize the structure at a desired position. Top-down techniques, such as lithography, are preferred when it comes to placing a single structure at a specific position. For instance, e-beam lithography (EBL) uses the electron beam of a scanning electron microscope (SEM) to draw a pattern on an electrosensitive resist. If EBL can indeed be used to design assemblies of nanostructures, it will be highly time-consuming and will become quite challenging when more than 1 mm 2 has to be covered. For large assemblies of nanostructures, soft lithography techniques can be exploited such as nanoimprint lithography [1, 2] . Yet, bottom-up techniques are often more suitable for surface functionalization [3, 4] , which make nanostructures become trapped on the surface by reactive termination. Another strategy more suitable for larger nanostructures (a few hundreds of nanometers) is to deposit a drop of the solution in which nanospheres (NS) are dispersed; it has been shown that the evaporation of the solvent allows the formation of a nicely organized film [5] . However, this technique is difficult to control especially for samples with an area typically greater than 1 mm 2 . This is why other techniques have been developed with success to reach the objective of the elaboration of a single layer of NS on a large area: Langmuir-Blodgett [6, 7] , surface chemistry [8] , and dip coating [9, 10] . Spin coating is probably the easiest and fastest way to get to this result [11] [12] [13] [14] . It consists in placing a droplet of an NS solution on a substrate and taking advantage of its fast rotation to spread the liquid. In order to form a layer of organized NS, they have to be dispersed in a solution with high wettability (so that they can easily spread on the surface) and high volatility (so that the liquid phase is quickly removed as soon as the NS are spread). The wettability is usually achieved by adding a surfactant such as octoxynol, while the volatility is achieved by choosing a solvent such as methanol. As the solution result in a mixture of surfactant, solvent, and NS, a fine optimization procedure has to be implemented. Octoxynol in methanol is one of the most frequent combinations reported in the literature; its concentration ratio can vary from a reference to another [15, 16] . This demonstrates that the reproducibility of the results is rarely straightforward. Choi et al. [11] have proposed the use of N,N-dimethylformamide (DMF) as a solvent, as it has all the necessary qualities to easily and efficiently perform deposition of a large area of self-organized NS. Most importantly, as DMF is used in a pure form, no optimization step is required.
The use of single or double layers can have a tremendous advantage in a diversity of topics. For example, soft lithography techniques are currently developed to promote nanostructuration on transparent and flexible substrates. Nanoimprint lithography (NIL) [1, 2] , nanosphere lithography (NSL), [14, 16] and its derivative Film Over Nanospheres (FON) [15] or nanosphere photolithography (NSPL) [10] can all take advantage of the ease of controlling the number of silica NS layers. In these techniques, the pattern formed by the organization of the NS is used as a mask or a mold. In NSL, metal is deposited through the spaces in between the NS; it forms triangles for a single layer of NS; more complex patterns can be reached with a two-layer mask. In NSPL, silica NS are used as lenses for UV light illumination of photoresists. This technique can also take advantage of varying the number of NS layers in order to create different patterns of interferences. For these particular applications, the number of layers should not be too high so a nanostructure can still be formed (presence of interstice for NSL and transmission for NSPL).
In this paper, we study the behavior of NS solution in DMF when spread onto silica surfaces. These surfaces are very similar to the oxide layer of silicon that can be found on top of silicon wafers. Furthermore, the silica surfaces that we have used in this work are transparent to UV and visible light. These substrates can thus be used in a wide range of applications such as transparent electronic devices or as photolithographic masks as proposed by Ayenew et al. [10] . The study of the organization of NS on silica surfaces shows that it is possible to control the number of NS organized layers using a spin-coating technique. We have considered the diameter of the NS and their concentration; these intrinsic properties of the solution are decisive to explain how the spreading occurs in a spin-coating experiment. In particular, the acceleration of spinning has an influence on the organization of the NS. By carefully choosing these parameters, one can choose to form either a single or a double layer of closely packed NS.
Experimental
DMF was purchased from Carlo Erba. Silica powders of NS with diameters of 310 nm and 540 nm were purchased from Polysciences Europe GmbH. Solutions of both powders were prepared with volume fractions of 4.1%, 6.1%, 7%, and 7.9%. The volume fraction is calculated as follows:
where is the radius of the NS and is the number of NS in the volume . The solutions were then sonicated for 2 hours in order to ensure a good dispersion of the NS.
The solutions were deposited on fused silica surface (15 × 15 mm) purchased from Nayco. These substrates display high OH content and high flatness. Prior to the deposition of the NS, the substrates were cleaned with acetone and ethanol and treated with UV-ozone for 30 minutes in order to form a hydrophilic surface [17] .
The solutions were then spin-coated in a two-step process. The first step is the acceleration of the rotation speed from 0 rpm to 2000 rpm. We have investigated the effect of different acceleration durations: 50 s, 100 s, 150 s, and 200 s. These correspond, respectively, to 4.2 rad⋅s −2 , 2.1 rad⋅s −2 , 1.4 rad⋅s −2 , and 1.0 rad⋅s −2 . During the second step, the sample rotated at a constant speed (2000 rpm) for 150 s.
All the observations were performed on an SEM Raith Pioneer equipped with a field emission gun (FEG) source. The samples were imaged at 3 kV.
Results and Discussion
The spreading of silica NS in DMF solutions by spin coating was tested. Single layers of closely packed NS were obtained without any optimization. The experiment was carried out for NS of 310 nm and 540 nm diameter for an acceleration duration of 150 s and a volume fraction of, respectively, 6.1% and 7.0% (Figures 1(a) and 1(b) ). The quality of the organization for both diameters can be seen on the micrometer scale thanks to the SEM images. At a larger scale, Bragg reflection can be seen confirming the organization on the whole sample surface.
The experiment was repeated for different volume fractions and acceleration. For low concentration and high acceleration, single layers are observed displaying some vacancies. When the concentration of NS is increased, complete double layers can be observed for both sizes of NS. In Figure 2 , the cross sections of two samples are shown. Both samples are made of 540 nm NS solutions with a volume fraction of 7%. In order to obtain a double layer, the acceleration was decreased from 2.1 rad⋅s −2 to 1.0 rad⋅s −2 .
A set of acceleration and concentration has been tested for both diameters in order to identify the optimal parameters allowing the deposition of single or double layers. The surface coverage was measured by analyzing 20 adjacent SEM scans of 75 m × 50 m. The number of layers is represented in Figure 3 (a) for the 310 nm NS and in Figure 3(b) for the 540 nm NS. "1" indicates a single layer obtained for a given volume fraction and given acceleration, while "2" stands for a double layer. The fractional numbers refer to the proportion of double layers on the surface. For example, 1.7 means that 30% of the surface is covered by a single layer while 70% is covered by a double layer.
The diagrams in Figures 3(a) of 4.1% and 6.1%, single layers are obtained for both sizes and for all the acceleration values tested. A more complex behavior is observed for the volume fraction of 7.0% and 7.9%. As the volume fraction increases, multilayers of NS are observed. In the first step, the NS are organized in single layers partly covered by a second one. Then, for other samples, well organized double layers are observed. One can notice that, for a given volume fraction, the proportion of double layers becomes higher when the acceleration is lowered (see, e.g., in Figure 3 (b) the volume fraction of 7.9% giving a double layer for 1 rad⋅s −2 , 1.9 layers for 1.4 rad⋅s −2 , and only one layer for 2.1 rad⋅s −2 ). Also, samples displaying double layers (partly or entirely) are more often encountered for the 310 nm diameters rather than for the 510 nm. Controlling the number of layers on the surface by adjusting the acceleration, the volume fraction, and the size of the NS appears to be possible.
The acceleration allows the solution to spread on the substrate surface. This is probably during this period of time when the organization of the NS occurs [12] . As the NS layers are formed, the excess solvent forms bulges on the sample borders. These bulges are expelled when the sample reaches its maximum speed. During this second period, the evaporation of the solvent takes place. If the acceleration is too high, the bulges are immediately expelled and there is no time for the NS to self-organize. This results in a single layer displaying vacancies (Figures 4(a) and 4(b) ). Lower acceleration allows the organization of the NS inside the thin layer of the solution between the bulges (Figures 4(c) and  4(d) ). The capillary forces play an important role in packing the NS together; if the acceleration is too high, the centrifugal force will exceed the capillary forces and the packing will be poor. If the acceleration is too low, the packing of NS will be better and can even result in a multilayer (Figures 4(e) and 4(f)). Since DMF has a low surface tension coefficient (about 35 mN⋅m −1 [18] ), it spreads perfectly on hydrophilic surfaces. The bulges are reduced and a uniform concentration of NS is present on the whole sample surface. Yet, these facts fail to explain the difference of behavior encountered for 310 nm and 540 nm NS.
Regarding the differences in the two diagrams of Figure 3 , one needs to take into account two properties of the NS solutions: the NS sedimentation and the viscosity. This latter parameter is linked to the surface tension of the solution that keeps the NS together despite the spinning and the sedimentation. We propose a mechanism for the formation of organized layers by spin coating of silica NS dispersed in DMF based on the competition between sedimentation of the NS and the increasing viscosity of the solution. The sedimentation speed of NS is well described by the following equation:
where is the sphere radius, Δ is the density difference between silica and solvent, is the acceleration of gravity, and is the viscosity of the solvent. This gives a sedimentation speed of 97 nm⋅s −1 and 290 nm⋅s −1 , respectively, for the 310 nm and 540 nm NS before spinning starts. As the volume fraction increases, the interaction between the NS becomes more important. This leads to a more viscous behavior when the volume fraction becomes larger [19] . As a consequence, the sedimentation speed of the NS inside the solution is lower. In such solution, the sedimentation is not the main phenomenon anymore. Smaller NS display a greater number in the solution for the same volume fraction (right -axis in the diagrams in Figure 3 ). This explains why the viscous regime is reached for a lower volume fraction.
In order to control the number of layers when depositing NS on a surface, a trade-off has to be found between a sedimentation dominated regime and a viscosity dominated regime. Thus, to obtain a multilayer sample, the volume fraction of the 310 nm NS has to be increased. Another possibility would be to reduce the size of NS, but then the sedimentation would be much slower and the good compromise even more difficult to find.
Conclusion
In conclusion, we have proposed a protocol to deposit and control the number of layers of self-organized silica NS on surfaces. The surface of silica that we have used is completely covered by these organized layers, and we believe that it could easily be transferred to even larger surfaces. A mechanism for the formation of these structures is also proposed. The benefit of DMF is found in its high wettability which allows the almost perfect coverage of the substrate and its evaporation rate which is low enough to improve the self-organization of the NS. We found that the competition between the sedimentation and the viscosity of the solution is at the root of the formation of single or double layers. Smaller NS will increase the viscosity of the solution more efficiently and thus decrease the sedimentation. Large-scale double layers of silica NS will then be easier to obtain with smaller diameters. However, it would probably be challenging to make multilayer samples. For NS of 310 nm, the nanopowder of silica NS will reach the limit of dispersion before the appropriate volume fraction could be reached. Jiang and McFarland [13] circumvented this problem by introducing a polymer matrix in the solvent. This increased the viscosity of the solution and formed multilayer samples.
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